Abstract
INTRODUCTION
The very first approaches in image colorization are dated for 1842 and possibly earlier, when the movies were colorized manually by painting the celluloid film frame by frame. By around 1905, Pathé brothers introduced Pathécome, a stencil process that involved cutting glass stencils for each frame with a pantograph. These earliest form of colorization introduced limited color into a black and white film using dyes to create the desired visual effect. Movies colorized with these techniques have a soft contrast and fairly pale, flat and washed out colors.
Since the beginnings, colorization aroused many controversies, especially with reference to the work of art and classic movie films. Nevertheless colors increase the visual appeal of an image such as old black and white photographs or make an old movie look more attractive. With the rapid development of computer technology, adding color to the gray scale images and movies in a way that looks natural to most human observers became a problem that challenged the motion picture industry as well as computer vision community. In the last few years, several advanced and effective techniques have been proposed. These techniques are based on: luminance keying, color transfer [1] , image analogies [2] , motion estimation [3] , segmentation [4] , color prediction [5] , probabilistic relaxation [6] and chrominance blending [7] , among many other techniques.
In this paper we show that using our novel colorization method based on the modified distance transformation, it is possible to obtain satisfactory colorization results in a very short time and with small amount of work.
This paper is organized as follows. The next section presents the proposed colorization algorithm. Subsection 2.1 reviews a standard fast algorithm for computing the distance transform (DT). In subsection 2.2 we extend the distance transform using a probabilistic approach and introduce a correction factor for additive color mixing process in order to preserve original pixels luminance. Finally, in Section 3, we present our colorization results and in Section 4 we formulate the final conclusions.
THE PROPOSED ALGORITHM
In this section we present our novel algorithm for image colorization that exploits the probabilistic distance transformation (DT). Our goal is to create a fast and effective colorization algorithm, which does not require precise segmentation as well as any other color images as a reference (see Fig. 1 ).
Figure 1:
Illustration of the proposed colorization process: original gray scale image (left), image scribbled with color (middle), and our colorization result (right)
Distance Transform
Since the color is provided simply by scribbling the image, the first step of our algorithm, after the user inserts the scribbles, is to isolate them and compute their distance [8] to all the pixels of the source gray scale image.
Thus, let P be a binary image defined on the image domain G, where: (1) are proper subsets of G. For any metric, the distance transform of P associates with every pixel p of P the approximation of the Euclidean distance from p to P .
For any p ∈ G let N B p (pixels in the neighborhood relation before scan) be the set of pixels adjacent to p that proceeds q when G is scanned, and let N A p (after scan) be the remaining neighbors of p. Then during the first scan (in top-left to bottom-right direction) we compute:
After the first scan, we perform the second scan in the opposite direction (bottom right to top-left), and compute the following:
Thus, after the second scan, we obtain the distance values that can be expressed as intensities of points within the gray scale image (Fig. 2) . 
Probabilistic Distance Transform
The modified distance transform, which can be considered as a revision to [9] , is based on a model of a virtual particle, which performs a random walk on the image lattice. It is assumed, that the probability of a transition of the walking particle from a lattice point to a point belonging to its neighborhood is determined by the Gibbs statistical distribution. Thus, the probability P ij of a jump from the current site i to site j is dependent on the local environment and is calculated as [10] :
where W i denotes the filtering window centered at site i, E ij is the energy barrier between the sites i and j, k is the Boltzmann constant and T denotes the temperature of the statistical ensemble. Let us define the energy barrier between the pixel sites i and j as E ij = |Y i − Y j |, where Y j denotes the pixel's intensity at a position j. Setting kT = β we obtain:
The probability that a virtual particle will remain at the current site is given by:
where N i denotes the pixels which are in neighborhood relation with the pixel at site i. This probability can be seen as a measure of the homogeneity of the local image structures, as it takes low values in the smooth image regions and attains large values in the vicinity of edges. In order to evaluate the smoothness of the local neighborhood of a pixel at position i we can define a measure D N i = j∈Ni P jj , which provides the information about the local image homogeneity in the neighborhood N of the pixels at site i. In this way:
and the Eqs. (2) and (3) can be modified as Such a definition of the distance transform enables its direct application to the gray scale images and takes into account the local changes of the intensity of pixels.
In order to use the values of the probabilistic DT as weights in the blending of colors originating from successive scribbles, we introduced two kernel functions transforming their values:
where parameter h, set by a user, determines the smoothness of the functions. In both cases d denotes the value of the extended DT we obtain from Eq. (9) for each point of the gray scale image (see Fig. 4 ).
Figure 4:
Probabilistic distance transform performed on the scribbles depicted in Fig. 2 These functions are used next as weights to determine the color C of a given point p during the additive color mixing process defined by:
where C 1 and C 2 are colors scribbled by the user and
are weights obtained for a given point p using one of the presented kernel gradient functions. The r(p) is a correction factor, which allows us to preserve the original intensity Y(p) from the source gray scale image in newly propagated color:
Since the proposed algorithm is iterative and colors are added one by one, indices 1 and 2 in Eqs.
(11) and (12) correspond respectively to the current and previous colorization step.
RESULTS
The results shown here were all obtained using the presented method that works on the basis of the probabilistic distance transformation. The proposed solution is iterative and adds color one by one (Figs. 5 to 7) . Although the code is not fully optimized, this implementation of algorithm works fast enough to allow the user to interactively without noticeable delays and achieve realtime preview. The future work will focus on the automatic adjustment of the smoothing parameter of the kernel functions. 
CONCLUSIONS
In the paper a new, fast colorization technique based on a novel extension of the distance transform has been presented. The new distance transform is based on the Gibbs distribution, which describes the behavior of a virtual particle performing a random walk on the image domain.
The results of experiments performed on historical photographs show that the proposed approach yields good results and can be applied for the purposes of the virtual restoration of works of art.
In the future work, we will work on the optimization of the code of our application, which will further shorten the time of colorization process in the case of very large images. 
